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1 Introduction 
1.1 Background and context 
The Common Agricultural Policy (CAP) ‘checks by monitoring’ are replacing the on-the-
spot-checks presently used to verify that the area-based direct aid is granted correctly to 
EU farmers. The method is implemented as of application year 2018 through Article 40a of 
the implementing regulation (EU) 809/2014. Such checks rely on automatic methods to 
observe and assess the CAP eligibility criteria, commitments and obligations using the 
Copernicus Sentinel imagery or equivalent, making use of automated data processing and 
advanced data analysis methods (i.e. machine learning), coupled with an efficient handling 
of farmer aid applications.  
In the case where the spatial resolution of above mentioned imagery is not sufficient to 
conclude on the eligibility or holding compliance (i.e. due to small size of the parcels 
belonging to the dossier), the competent authority must undertake appropriate ‘follow up 
activity’, e.g. by requesting additional information from the beneficiaries, or by making use 
of ‘time stacks’ of information derived from a higher resolution image source (i.e. HHR: 
High High Resolution satellite imagery with a ground sampling distance approximately two 
or more times better than the Sentinel-2). 
The very high number of the ‘follow up activities’ required to conclude on holding 
compliance that could possibly result for fragmented landscapes with numerous small 
parcels is among the major concerns of the EU Member States (MS) towards the 
operational implementation of checks by monitoring. However the extra effort related to 
checks of small parcels should be always put in the context of their relevance to conclude 
on the payment of the given farmer dossier and can be estimated based on the so-called 
“sifting” preparatory operation [1]. At the end of this iterative process, the set of “small” 
parcels that should be checked with alternative methods will be known. 
Because it is linked with extra costs and efforts, understanding when the use of HHR 
imagery is effective (i.e. adequate to accomplish its purpose), and provides enhanced 
information, superior to that extracted from the coarser resolution imagery is a key factor 
of efficiency in checks by monitoring.  
1.2 Objective 
The objective of this case study is therefore to understand better and summarize what the 
performance potential of Sentinel-2 is with respect to the small parcels as well as to 
estimate the HHR data amount needed to cover the information gap caused by the course 
Sentinel-2 resolution. 
The main goals of the case study were (i) to quantify the applicability limits of Sentinel-2 
and to estimate the benefit of HHR imagery (ii) to fine-tune the limits of Sentinel-2 imagery 
through the use of geospatial parameters of parcels, both in the frame of the CAP checks 
monitoring.  
1.3 Concept 
The concept is based on three consecutive steps. First, following the experience thresholds 
we extracted the sample of parcels having size below or equal to 0.5ha and created NDVI 
time series using Sentinel-2 and other HHR data. To understand how big portion from our 
sample would need another source of information to complement the Sentinel-2 data we 
carried out a visual and statistical assessment of couples of NDVI time series, described in 
chapters 3.3.1 and 3.3.2. At the end applying a statistical modelling, we evaluated the 
correlation between various parameters of parcels and the correlation coefficient of 
similarity, chapter 3.3.3. In this way, we were able to set limiting threshold parameters 
using those geospatial factors we though are decisive for the sensor performance, i.e to 
provide information necessary to make a conclusion on the status and activity on the 
parcel.  
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The limiting parameters of parcel indicate threshold for which there is a high probability to observe discrepancies in the performance of 
Sentinel-2 compared to other HHR sensor, in our case PlanetScope. 
Figure 1. Concept of case study 
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2 Theoretical assumptions 
2.1 Assumptions based on practices 
Ideal regular shape is taken into account: 
Concerning the size of ‘small’ parcels, based on MSs’ previous experience with Sentinel-2 
(S2) imagery used during CAP checks or other pilot projects two critical thresholds were 
set (summarised in Table 1.). 
Table 1. Setting critical thresholds on parcels size for Sentinel-2 data 
SENTINEL-2 Size of the 
parcel [ha] 
Number or pixels 
inside the parcel 
(approx.) 
Note 
 > 0,5 > 49 Parcel ‘monitorable’ by S2 
independently on the shape of 
the parcel 
1.Critical threshold 0,5 49 Depends on the shape and 
position (or other factors) of 
the parcel 2.Critical threshold 0,3 25 
 < 0,3 < 25 S2 does not give satisfactory 
results 
Considering the ground sampling distance (GSD) and number of pixels inside the parcel 
(without any buffer applied), analogically, theoretical critical thresholds were calculated for 
HHR (3.125m GSD) imagery. These critical size thresholds are only indicative (regular 
shape considered) but might determine the size of the parcel where even HHR imagery 
could face difficulties in crop/agriculture activity identification. 
 
Table 2. Setting critical thresholds on parcels size for HHR data 
HHR (3.125m GSD) Size of the 
parcel [ha] 
Number or 
pixels inside 
the parcel 
(approx.) 
Note 
 > 0.048 > 49 Parcel ‘monitorable’ by HHR 
imagery independently on the 
shape of the parcel 
1.Critical threshold 0,048 49 Result depends on the shape 
and position (or other factors) 
of the parcel 2.Critical threshold 0,024 25 
 < 0,024 < 25 HHR imagery does not give 
satisfactory results 
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3 Methodology 
For the purpose of the study the mean NDVI time series of S2, calculated over the number 
of parcels of various geospatial characteristic, were compared with the mean NDVI time 
series of a selected HHR sensor.  
Through the visual and the statistical assessment of a similarity between NDVI time series 
of these two satellite data we aimed to find out: 
1. For how many parcels from the selected sample the NDVI time series do not prove 
the similarity, i.e S2 data fails (is significantly different than the signal od HHR) 
2. By analysing the relations between the similarity of signals and different geospatial 
characteristics of parcels to address the decisive factor(s) influencing the capability 
of S2 to provide sufficient information about particular continuous state or a change 
of the state of the land phenomenon. 
The statistical assessment of similarity was based on correlation coefficient, more 
information on the evaluation criteria are given in section 3.3. 
The studied geospatial characteristics/parameters of the parcel were: 
 Shape of the parcel (regular if the shape is close to a square, different 
elongations of rectangles or irregular) 
 Size of the parcel 
 Crop type 
 Number of pixels in the parcel without any buffer 
 Number of pixels in the parcel with 5m negative buffer (i.e. pure/full pixels) 
 Percentage of S2 pixels lost after application of 5m negative buffer 
 Surroundings of the parcel (same / different, building...) 
3.1 Data selection 
3.1.1 HHR image data  
Since HHR satellite data should serve as a source of additional information (i.e. superior to 
S2 data) the requirements on ground sampling distance are stricter, i.e. GSD 
approximately two or more times better than S2, however the temporal resolution should 
be at least equivalent to the one of S2 (i.e. revisit time on weekly basis). Because in the 
monitoring context the signal variation will be expressed in a form of composite indicators 
(for instance agriculture indices), there is a need to have at least 4 spectral bands (Red, 
Green, Blue, Near Infra-Red) similar to the one of S2.  
For the purpose of our case study we decided to use PlanetScope satellites data due to 
availability of the rich archive of image data covering with the dense temporal resolution 
the whole EU territory. That enabled us to select testing area according to our needs and 
possibilities (complementary information available i.e vectors, crops..). 
Basic requirements: 
 Temporal resolution at least on weekly basis 
 GSD < 5m 
 4 spectral bands 
 Data services available/planned  (either through own platform or through DIAS) 
Comparison of data availability between S2 and PlanetScope 
Search criteria: 
 Acquisition window: start date 01/02/2018 , end date 21/09/2018 
 AOI 100% coverage 
 Cloud cover % (0, 50, 100) 
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 Source (S2, Planetscope ortho tile) 
 Country: Netherlands 
Table 3. Availability of the products according to the search criteria 
 S2 
<0%cc 
S2  
<50%cc 
S2  
all 
PlanetScope 
0%cc 
PlanetScope 
50%cc 
PlanetScope 
all 
Nr. of available 
acquisitions 
10 40 85 50 109 171 
Average temporal 
resolution (days) 
20 5.64 2.65 4.55 2.15 1.36 
Max. gap between two 
acquisitions (days) 
55 20 10 20 12 5 
Available time frame 
between first and last 
capture  
180 220 223 223 230 231 
For charts displaying the data availability for both sensors, see the ANNEX A. 
3.1.2 Tested area 
The country selected for the study is Netherlands due to an open and free access to the 
Land Parcel Identification System (LPIS) and related farmers’ declarations.  
In order to optimize the image use, two different AOIs (AOI -1, AOI – 2) were selected, 
for which two sets of cloud free PlanetScope ortho tiles were downloaded. The selection of 
concrete AOIs was based on the following parameters: 
 AOI is within one S2 tile 
 AOI covers representative sample of selected crop (see chapter below). 
Figure 2. Position of the AOIs in Netherlands 
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3.1.3 Vector data sample 
For the definition of geometric boundaries of agriculture parcels we used the Geospatial 
Aid Application (GSAA) dataset information publicly available through the Netherlands open 
geo-data infrastructure [18]. 
In order to evaluate the impact of a parcel’s geometry the sample was divided into 11 size 
categories (see Table 4). The shape of the polygon was assessed taking into account a 
ratio of two main sides of the parcel (l:w). The following types of shapes were applied: 
regular, irregular, l=2w, l=3w, l=4w up to l=18w (very elongated), see Figure 3.  
Table 4 summarizes a distribution of all parcels used for the analysis. The shape types 
l=2w -> l=18w were grouped in to three columns.  
Figure 3. Different shape types representing the sample 
 
Table 4. Distribution of shape types according to the parcel size 
AREA Category W=l (2-6) (7- (13-18)w=l Irregular Total 
0-0.01 1 0 0 0 0 0 0 
0.01- 2 3 6 1 1 2 13 
0.05-0.1 3 3 7 3 2 6 21 
0.1-0.15 4 5 3 1 2 4 15 
0.15-0.2 5 3 11 3 2 4 23 
0.2-0.25 6 3 10 4 2 1 20 
0.25-0.3 7 4 16 4 3 6 25 
0.3-0.35 8 2 11 2 2 6 23 
0.35-0.4 9 2 3 0 1 5 11 
0.4-0.45 10 2 9 1 3 5 20 
0.45-0.5 11 4 8 4 2 8 26 
TOTAL  31 84 23 20 47 205 
In total, the NDVI time series over 205 agriculture parcels for the following selected crops: 
maize, grass, winter wheat, sugar beet were compared (see Table 5). 
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Table 5. Distribution of tested crops 
Crop Number of tested parcels 
Maize 29 
Grass 25 
Winter wheat 96 
Sugar beet 55 
 
3.2 Technical aspects 
3.2.1 Image data  
PlanetScope data 
For the extraction of NDVI time series, the analytic ortho scene SR (surface 
reflectance) product was used. In order to simplify the image processing chain, only 
cloud free tiles (with 0% of cloud cover) were taken into consideration, which means 
that the full capacity of the temporal resolution was not exploited. However, taking 
into account a daily revisit time of PlanetScope satellites, the number of images still 
high enough to create NDVI time series and compare them with the S2 one.  
 
Sentinel-2 
In the study, products of both S2A and S2B satellites were used in the analysis at 
processing levels L2A [3] (BOA) and L1C [4] (TOA). 
Table 6. Distribution of tested crops according to the processing level of Sentinel-2 data 
Processing level Crop Number of products 
L1C Maize, Grassland 54 
L2A Winter wheat, Sugar beet 99 
It is important to note that the aim of the analysis was not to compare absolute 
values of satellites’ NDVI time series but to evaluate their similarity and capability 
to provide required information. Thus, both processing levels could be used for the 
purpose of our study.  
The time span of the L1C data used in this study was set to 1/1/2018-30/8/2018 
(end date depends on the current date of NDVI time series creation) in order to 
visualise important steps of a crop phenology. The time interval of the time series 
retrieved from L2A data was influenced by the availability of this product on ESA 
servers. The processing level L2A became an operational product only in the middle 
of March 2018, beginning with coverage of the Euro-Mediterranean region, with a 
gradual ramp-up to systematic worldwide coverage planned for the summer of 
2018. For the tested AOIs, the earliest acquisition date of the L2A product available 
was beginning of April 2018. As from the phenology point of view March is for certain 
crops an important month, some of NDVI time series are affected. This however did 
not influence the qualitative analysis performed using these data. 
While the search of the PlanetScope data was done based on 0% of cloud cover 
(CC) of the whole tile, the metadata search for Sentinel-2 data was set to 0% of CC 
over the analysed polygon (i.e search on ’clean pixels’).  
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Different metadata are used for the CC assessment, depending on the processing 
level of the product. All Sentinel-2 products have associated cloud cover masks to 
simplify the user’s work and to provide useful products ready to deliver. L1C cloud 
mask identifies cloudy pixels and separate them from those that are cloud-free. 
They include both dense clouds and cirrus clouds, by specifying the cloud type with 
an indicator. Moreover, statistical information about the percentage of dense cloud 
and cirrus pixels is enclosed. The overall accuracy of this CC mask is of 86.5% with 
tendency to underestimate the cloud cover percentage [10]. The Level-2A image 
data is composed of (except for others) the scene classification map (SCL) which 
substitutes a simple CC mask and was fully exploited in the metadata search. The 
SCL consists of 11 different classes at 20m and 60m resolution. Furthermore, there 
are associated statistics on percentage of pixels belonging to each class and quality 
indicators for snow and cloud probability. The SLC is of higher quality than the 
simple CC mask added to L1C data and therefore only a little human intervention 
was necessary to get cloud free stacks of S2 time series compared to working with 
L1C in combination with its CC mask. The average overall accuracy for 14 
classification products reached 81.1±14.1%. The recognition of clear pixels over 
land and water reached overall accuracy of 91.5% [11] 
 
3.2.1.1 Number of pixels covering a parcel, and a buffer 
The number of pixels that are inside the parcel is an important factor that could have an 
impact on the assessment. Many methods exist to calculate this number. The concept used 
in this study is based on a sum of all raster cells whose centres are within the polygon. A 
disadvantage of this method is that the number of pixels is not only a function of the size 
and the shape of the parcel, but it is very sensitive to a relative position of the raster 
regards to an overlaid vector layer (see  
Figure 4).  
Figure 4. Position of the parcel on the raster and different number of pixels inside the parcel 
 
 
In order to eliminate the influence of neighbouring parcels and mixed pixels i.e. pixels on 
the border of parcels that contain also a spectral information belonging to areas outside 
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the parcels, a buffer of (0.5*pixel size)m was introduced at the beginning of the study to 
treat this issue. As the study deals with the small parcels, some of them were considered 
without any buffer (0m buffer) in order to keep at least one pixel inside the boundary, see 
an example Figure 5.  
With the introduction of the buffer a new factor was implemented which is defined as a 
number of ‘full’ pixels inside the agriculture parcel. 
Figure 5. Example of the negative buffer and the subsequent number of full pixels 
 
Furthermore, an investigation regarding an influence of a buffer size on NDVI time series 
was performed (see some examples in Figure 6 and Figure 7). 
 
Figure 6. Influence of negative buffer on the mean NDVI time series – Maize 
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Figure 7. Influence of the negative buffer on the mean NDVI time series - Grassland 
 
 
Results of experimenting with various buffer settings show that although slightly different 
absolute mean NDVI values are observed the curvatures of NDVI time series keep the 
same behaviour. The fact that the curvature do not substantially change the shape while 
using various buffers is important in the context of the study, because the correlation 
coefficients of the NDVI time series are compared.  
3.2.1.2 NDVI index calculation 
NDVI index was calculated applying the standard formula: 
𝑁𝐷𝑉𝐼 =
NIR − RED
𝑁𝐼𝑅 + 𝑅𝐸𝐷
 
The following bands were used: 
PlanestScope: band 4 (NIR) and band 3 (RED) 
  central wavelengths: 860nm NIR and 670nm RED band [15] 
Sentinel-2: band 8 (NIR) and band 4 (RED) 
  central wavelengths: 842nm NIR and 665nm RED band [2] 
3.2.1.3 Software  
PlanetScope data were downloaded through the Planet Explorer platform using metadata 
filters. The downloaded Analytic Ortho Scene [5] products were mosaicked for each 
acquisition date. The example shown below is a mosaic of 7 ortho scene images.  
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Figure 8. False colour composite (RGB 421) of a Planetscope image acquired on 15/05/2018 over 
AOI-1 mosaicked from 7 ortho scene tiles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 
 
Figure 9. NDVI image calculated from Planetscope data acquired on 15/05/2018 over AOI1 
 
 
The calculation of Planetscope NDVI images and the extraction of mean NDVI time series 
were performed by in-house developed python scripts using the built-in raster calculator 
[6] and zonal statistics [7] functionalities of the open source QGIS [8] software. 
 
S2 NDVI time series extraction was performed in the Joint Research Centre Earth 
Observation Data and Processing Platform (JEODPP). JEODPP is a versatile petabyte scale 
platform providing a cluster environment for batch processing, a web-based remote 
desktop access with a variety of software suites, and a web-based interactive visualisation 
and analysis ecosystem. For more information see [12]. 
3.2.2 Geometric positional accuracy versus spatial overlay 
Information derived from two different spatial data sets are comparable and can be used 
together for spatial analysis if their specification is well-know and if their quality (spatial 
accuracy/precision, temporal accuracy) is well recorded. Quality issues present in the 
source layers will certainly affect any results from their integration [13]. This fact has to 
be considered, especially in the context of small parcel analysis, because the smaller parcel 
is the bigger the impact of the positional inaccuracy is on the correctness of NDVI time 
series retrieved from that parcel. 
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Figure 10. Example of the geometric positional inaccuracy of raster data 
 
From Figure 10 it is evident that PlanetScope imagery is shifted 5-7m South-West with 
respect to the parcel outline (correctly positioned in the VHR image). Consequently, 30% 
of polygon from which the time series were retrieved covers pixels of the neighbouring 
parcels sawn with different crops. A similar situation can be observed for the S2 imagery. 
Out of the 3 images in Figure 10, 2 are georeferenced correctly however the image 
captured by S2B is effected by a shift. All these discrepancies negatively influence and bias 
the NDVI time series. 
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3.2.2.1 Vector data 
The minimum accuracy requirement for the LPIS being a reference frame for the GSAA, is 
defined in Article 70. of Regulation (EU) 1306/2013 as at least equivalent to that of 
cartography at a scale of 1:10.000 and, as from 2016, at a scale of 1:5.000. This translates 
into [13]: 
 a horizontal absolute positional accuracy expressed as RMSE of 1.25m (5.000 x 
0.25mm = 1.25m), or the equivalent value CE(95)of 3.06m. 
 display range and feature type content compatible with a map with a scale 
1:5.000 (i.e. topographic maps rather than urban survey maps), 
 using orthoimagery <= 0.5m GSD. 
 
3.2.2.2 PlanetScope image data 
Requirements 
According to the PlanetScope Analytic Ortho Scene Product Specifications the requirements 
on the geometric quality is designed for a wide variety of applications that require imagery 
with an accurate geolocation and cartographic projection. The positional accuracy declared 
is less than 10 m RMSE2D [14]. 
The product has been processed to remove distortions caused by terrain and can be used 
for many data science and analytic applications. It eliminates the perspective effect on the 
ground (not on buildings), restoring the geometry of a vertical shot. The imagery has 
radiometric corrections applied to correct for any sensor artefacts and transformation to 
at-sensor radiance. In addition, the imagery has atmospheric corrections applied to 
account for atmospheric, surface and spectral conditions and geometry when converting 
top of atmosphere reflectance to surface reflectance [14]. 
Actual performance 
The absolute positional accuracy test has been performed by JRC [15] on the Planet 
Analytic Ortho Tile products comparing image coordinates and coordinates of ground 
control points (GCPs) measured directly in the field with the GNSS device. The RMSE1D of 
GCPs is below 0.5m 
The geolocation performance of the PlanetScope’s Level 3A: 
 max RMSEx=5.18m and max RMSEy=4.21m  
 max CE(90)=9.93m  
 
3.2.2.3 Sentinel-2 image data 
Requirements 
According to the Sentinel-2 Calibration and Validation Plan for the Operational Phase, the 
geometric quality requirement for absolute geolocation uncertainty of Level-1C product 
with respect to a reference map shall be better than 12.5 m at 2σ confidence level with 
the need of GCPs. 
Regarding the accuracy of the multi-temporal registration of the Level 1-C products, the 
ESA’s objective is to achieve co-registration accuracy better than 3 meters (0.3 pixels) at 
95.5% confidence level. This will be applicable only after activation of the geometrical 
refinement. The refinement step will be activated upon completion of the Global Reference 
Image (GRI) and the final validation of the refining algorithm. The elaboration of the GRI 
and the DEM benchmarking is currently on-going. The finalisation of the reference 
geometry and the activation of the orbit refinements are now foreseen for Q3 2019  
The band coregistration requirement was set to <0.3 pixel at 99.7% confidence level. 
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Actual performance 
According to the Data Quality Report from 08/10/2018 (end of testing period)[11],  
 Absolute geolocation accuracy (without ground control points) resulted closer to 
11m at 95% confidence level. However, geolocation accuracy for S2B was not stable 
in the time of the test. A new geometric calibration has been implemented on 
18/09/2018, after this update the S2B geometric performance has shown an 
improvement. 
 Multi-temporal performance taken as the 95% percentile of the mean error value 
for all tiles measured on the reference band (B04) was 11 m for S2A and 13 m for 
S2B. The co-registration error was within one pixel for 92% of S2A and 86% of S2B 
products. Still for 6% of S2A and 14% of S2B products the co-registration error was 
more than one pixel . 
 Multi-spectral Registration less than 0.2 pixel. 
 
3.3 Methodology for evaluation of results 
In the study, we were comparing couples of NDVI time series. Each couple was composed 
of NDVI time series retrieved from Sentinel-2 and NDVI time series extracted from 
PlanetScope. Within each couple, we were assessing the similarity of these two NDVI time 
series. It is important to note that if we say that the couple (i.e two NDVI time series 
created over the same parcel) is not similar we mean by that the NDVI time series deviate.  
Three main steps were performed to evaluate the results: 
1) The similarity between the two signals was assessed for each parcel based on a 
visual expert judgement. 
2) For each correlation coefficient of the two NDVI profiles, the corresponding 
interval of confidence was also calculated. By applying the statistical method for 
testing whether the correlation coefficient is larger than 0.5 with 95% of 
probability, we determined the parcels for which Sentinel-2 NDVI time series 
deviate from the ones derived from Planet Scope. This methodology is 
completely independent on the geospatial parameters of parcels and facilitates 
the understanding of the overall performance of Sentinel-2 in comparison with 
Planet Scope.  
3) A model quantifying the probability of exceeding the correlation coefficient value 
of 0.75 was developed as a function of the number of full pixels in the parcel 
and the percentage of pixels that are lost after application of the 5m buffer. 
Based on that model, we set a limiting probability threshold as 80% for the 
NDVI time series deviation. Using this methodology the limiting geospatial 
factors of isolated parcels were defined (see below). 
All three methodologies, although independent on each other and using different approach, 
have the same goal, i.e. to define the deviation of the NDVI time series retrieved over the 
same sample of data from two different image sources. All three methods gave 
comparable/similar conclusions. 
3.3.1 An expert judgement 
The NDVI time series were independently assessed by two operator, experts in the field of 
remote sensing, in order to determine the status of similarity (binary assessment: 
false/true) over each tested parcel.  
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3.3.2 Estimation of the correlation coefficient between a pair of NDVI time 
series 
In this study, the correlation coefficient was chosen for assessing the similarity between 
the two NDVI time series derived from PlanetScope and S2. The correlation coefficients 
between two quantities are generally estimated using paired observations (i.e. each 
observation is a pair of both quantities). With paired observations, one can simply rely on 
the following estimator: 
𝜌ො =
∑ (𝑥௜ − ?̅?)(𝑦௜ − 𝑦ത)௡௜ୀଵ
ඥ∑ (𝑥௜ − ?̅?)ଶ௡௜ୀଵ ඥ∑ (𝑦௜ − 𝑦ത)ଶ
௡
௜ୀଵ
 
Where ?̅? and 𝑦ത are the observed averages of the time series and 𝑛 is the number of 
observed pairs. 
The precision of this estimator is generally evaluated using the Fischer’s transformation 
[17]. 
𝜆መ = 0.5 ln ൬
1 + 𝜌ො
1 − 𝜌ො
൰ 
The main advantage of this transformation is that 𝜆መ is approximately following a Normal 
distribution with a mean equal to 𝜆 = 0.5 ln ቀଵାఘ
ଵିఘ
ቁ (where 𝜌 the true unknown correlation 
coefficient) and a variance equal to (𝑛 − 3)ିଵ. 
One can thus build the 95% confidence interval for λ with 𝜆መ ± ଵ.ଽ଺
√௡ିଷ
 and use the inverse 
transformation in order to get the 95% confidence interval for 
𝐶𝐼ఘ = ൥
𝑒ଶఒ෡ಽ − 1
𝑒ଶఒ෡ಽ + 1
 ;  
𝑒ଶఒ෡ೆ − 1
𝑒ଶఒ෡ೆ + 1
൩ 
Where 𝜆መ௅ = 𝜆መ −
ଵ.ଽ଺
√௡ିଷ
 and 𝜆መ௎ = 𝜆መ +
ଵ.ଽ଺
√௡ିଷ
. 
When comparing two time series, one would also need to have both time series at the 
same dates. Unfortunately, this is rarely the case when the two time series are observed 
from two different sensors. In order to circumvent this data issue, we propose to fill the 
gaps by interpolating (a linear interpolation was used here) each of the time series at the 
observed dates of the other time series (i.e. the union of the observed dates). This 
approach is somewhat translating the intuitive visual comparison of the time series, while 
having the advantage of a sample of paired observations in order to estimate the 
correlation coefficient. However, this is not a genuine sample as some of the values were 
computed with the interpolation. So the general formula for the estimation of the variance 
of the estimation is not valid (i.e. we cannot take the union of the dates as the n in the 
variance formula). However, by using simulations, we found out that taking the number of 
dates in the shortest time series is a good empirical rule-of-thumb for substituting the 
value of 𝑛. 
The choice to rely on the correlation coefficient was driven by the following expected 
characteristics for an index of agreement: 
 It must be able to detect that the two time series share the same trend pattern; 
 It should be invariant to scale and shift transformations on both time series (i.e. 
the actual values of time series is not important as long as the trend pattern is the 
same); 
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 It should be computed even with relatively few pairs of points (even if it will not 
be precise, a correlation coefficient can be compute with minimum 4 pairs of 
points). 
While the correlation coefficient satisfies all those expectations, it is worth mentioning that 
it is also expected to underperform in some circumstances. Indeed, the correlation 
coefficient uses the averages as a pivot in order to measure the linearity between the two 
time series. It thus assumes that the times series have trends markedly oscillating with 
time around their respective averages. However, for parcels where little or no trend is 
expected (e.g. permanent grazed grassland and non-permanent crops), the time series 
should exhibit an almost constant value with few fluctuations that can be equivalent to 
noise. 
3.3.3 Model 
We built a model between the estimated correlation coefficient and the different 
characteristics of the sampled parcels (see Section 3). The objective of this activity is not 
necessarily to accurately predict if a parcel can be monitored by S2 data. It is more to 
better understand which are the conditions for which the S2 and PlanetScope NDVI time 
series do not agree, rather than simply setting a threshold on the parcel area. 
We first tested some classification regression trees on agreement between the two time 
series (i.e. the visual or the correlation test). This method is based on an iterative definition 
of dichotomous split (i.e. the nodes) on the input factors so that the separation between 
the parcels with or without agreement is maximized. Theoretically, it has the advantage to 
select automatically the most relevant factors for the classification.  
The factors that were present in the tree were:  
 the percentage of S2 pixels lost after application of 5m negative buffer; 
 the presence of the same crop in the surrounding of the parcel; 
 the number of pixels in the parcel with 5m negative buffer (i.e. full pixels). 
Other factors (e.g. the area or the number of pixels in the parcel without any buffer) were 
also included in the classification tree but they were leading to inconsistencies because the 
classification tries to fit a particular observation (i.e. data over-fitting). It was thus decided 
to discard them for the further analyses. 
As a second step, we decided to model directly the estimated correlation coefficient from 
the three selected factors (see above). For this, we built the following linear regression 
model: 
𝑌௜ = 𝛼଴ +  𝛼ଵ𝑆𝑎𝑚𝑒𝐶𝑟𝑜𝑝௜ +  𝛼ଶ𝑃𝑢𝑟𝑒𝑃𝑖𝑥𝑒𝑙𝑠௜ +  𝛼ଷ𝑃𝑒𝑟𝑐𝐿𝑜𝑠𝑡௜ + 𝜀௜ 
where the 𝛼௝ are the parameters of the model and where for each 𝑖-th parcel:  
- 𝑆𝑎𝑚𝑒𝐶𝑟𝑜𝑝௜  is equal to 1 if the same crop is found in the surrounding and equal to 0 otherwise; 
- 𝑃𝑢𝑟𝑒𝑃𝑖𝑥𝑒𝑙𝑠௜  is the number of full pixels; 
- 𝑃𝑒𝑟𝑐𝐿𝑜𝑠𝑡௜  is the percentage of S2 pixels lost after the 5m negative buffer; 
- 𝜀௜  is an error term; 
- 𝑌௜  is the transformed correlation coefficient (i.e. using the Fisher’s transformation; see Section  
3.3.2). 
The use of the Fisher’s transformation is important in order to (i) meet the normality 
hypothesis of the linear regression model and (ii) avoid getting non-sense correlation 
coefficient modelled to be larger than 1 or smaller than -1. 
Using this model, we can: 
 Anticipate the expected correlation coefficient for any parcel; 
 Evaluate the uncertainty of this expected value; 
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 Evaluate the probability that the parcel’s correlation coefficient will exceed a given 
threshold. 
For any of these three applications, one must use the fitted model and rely on the inverse 
of the Fisher’s transformation (as shown previously). 
The model’s parameters were estimated using ordinary least squares. The estimated values 
and some statistics can be found in Table 7. 
Table 7. Estimated parameters of the regression model and their significant tests 
Term Estimate Standard Error t Ratio Prob>|t| 
(Intercept) 1.828 0.239 7.655 0.000 
SameCrop 0.531 0.077 6.918 0.000 
PurePixels 0.015 0.006 2.388 0.009 
PercLost -0.798 0.281 -2.834 0.003 
The intercept of the model (i.e. 𝛼଴) is positive, which indicates that the correlation 
coefficients tend to be high for the whole dataset. The parameters for the SameCrop and 
for the PurePixels are significantly positive which means that having the same crop around 
the parcel and having more pure pixels both increase the chances to have a large 
correlation coefficient. On the other hand, the parameter for the percentage of pixels lost 
after the negative buffer is negative which indicates that the larger is the loss the smaller 
is the correlation coefficient. 
The worst case is thus met for a parcel that (i) is not surrounded by the same crop, (ii) 
has no pure pixels and (iii) 100% of lost pixels after buffer application. In these conditions, 
the estimated correlation coefficient is equal to 0.77 and the 95% confidence interval is 
[0.68 ; 0.84] (the interval is not symmetric around the estimated correlation coefficient 
because of the inverse of the Fisher’s transformation). 
17 
 
4 Validation 
Before starting the study on the small parcels (i.e. <0.5ha) a validation test was performed 
for each crop over a parcel size range of 5-20ha. The assumption of the strong positive 
correlation between NDVI time series of S2 and PlanetScope was confirmed for each crop 
(See figures below). 
Figure 11. Validation graph –maize 
 
 
Figure 12. Validation graph -grassland 
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Figure 13. Validation graph – winter wheat 
 
 
Figure 14. Validation graph –sugar beet 
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5 Results 
5.1 Selected examples 
5.1.1.1 Maize 
Figure 15. Example of NDVI time series – added/no added value of HHR (Maize) 
 
5.1.1.2 Grassland 
Figure 16. Example of NDVI time series – added/no added value of HHR (Grassland) 
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5.1.1.3 Winter wheat 
Figure 17. Example of NDVI time series – added/no added value of HHR (Winter wheat) 
 
5.1.1.4 Sugar beet 
Figure 18. Example of NDVI time series – added/no added value of HHR (Sugar beet) 
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5.2 Evaluation analysis 
Based on the visual expert judgement and statistical analysis (i.e. a method testing that 
the estimated correlation coefficient is larger than 0.5 with a probability of 95%) the 
Sentinel-2 signal deviates from the signal retrieved from Planet Scope imagery for 9% and 
12% respectively, out of 205 small agricultural parcels. All HHR NDVI time series that 
deviate from the ones derived from S2 data bring an added value to the evaluation of 
markers. As no standard (typical) time series were developed for each crop/region, the 
benefit is assessed applying an expert judgement.  
 
5.2.1 Evaluation based on the expert judgement 
Table 8. The summary assessment table based on the visual assessment - number of parcels 
where the signal of Sentinel-2 deviates from the Planet's signal 
Crop Same 
results with 
Sentinel-2 
and Planet 
Sentinel-2 
deviates from 
Planet's signal 
% Sentinel-2 
deviates from 
Planet's signal 
Grassland 22 3 12% 
Maize 27 2 7% 
Sugar beet 51 4 7% 
Winter wheat 86 10 10% 
Total 186 19 9% 
 
5.2.2 Evaluation based on the statistical assessment 
Table 9. The summary assessment table based on the statistical assessment - % of parcels where 
the signal of Sentinel-2 deviates from the Planet's signal 
Crop Same results with 
Sentinel-2 and 
Planet 
Sentinel-2 
deviates from 
Planet's signal 
% Sentinel-2 
deviates 
from Planet's 
signal 
Grassland 16 9 36% 
Maize 24 5 17% 
Sugar beet 50 5 9% 
Winter wheat 91 5 5% 
Total 181 24 12% 
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Figure 19. Graph of the correlation coefficient (colour scale) as a function of the shape of the 
parcels and the % of S2 pixels lost after application of 5m negative buffer. Top: isolated parcels 
surrounded by different crops; bottom: parcels with the same crop around 
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Figure 20. Graph of the correlation coefficient as a function of the number of full S2 pixels and the 
% of S2 pixels lost after application of 5m negative buffer - the same crop in surrounding. The size 
of the circles expresses the % lost of pixels after application of the negative buffer on parcels with 
grass(marked in blue), sugar beet (in yellow), winter wheat (in viola) and-maize (in red). 
 
 
Figure 21. Graph of the correlation coefficient as a function of the number of full S2 pixels and the 
% of S2 pixels lost after application of 5m negative buffer - for isolated parcel surrounded with 
different crop. The size of the circles expresses the % lost of pixels after application of the negative 
buffer on parcels with grass(marked in blue), sugar beet (in yellow), winter wheat (in viola) and-
maize (in red). 
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Figure 22. Model quantifying the probability of exceeding the correlation coefficient value of 0.75 
as a function of the number of full pixels in the parcel and the percentage of pixels that are lost 
after application of the 5m buffer – the same crop in surrounding 
 
Figure 23. Model quantifying the probability of exceeding the correlation coefficient value of 0.75 
as a function of the number of full pixels in the parcel and the percentage of pixels that are lost 
after application of the 5m buffer – isolated parcels surrounded by different crops. 
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The probability that the correlation coefficient will exceed the value of 0.75 resulted 
higher than 80% for all parcels having the same crop as adjacent parcels. For the 
majority of those parcels, the probability was even higher than 95% (see Figure 22).  
This finding led to the conclusion that the information content of the signal received 
from the small parcels and amplified with the signal of the adjacent parcels of the 
same crop (or similar phenology) keeps the NDVI time series similar to the HHR ones. 
The worst performance was observed for very elongated parcels. These parcels are 
more vulnerable to the co-registration error of the sensor. If the co-registration shift 
is in the same or similar direction as the direction of parcel elongation, the Sentinel-2 
gives worse performance even if the parcel is surrounded with the same crop. HHR 
data could bring a benefit in these cases. 
A challenge remained for the small parcels with different crop phenology in the 
surrounding. By analysing these cases, the other two main parameters affecting the 
similarities were detected. The number of full pixels in the parcels (i.e. the pixels within 
a 5m negative buffer) and the percentage of pixels that are lost after application of 
the 5m buffer. Example in Figure 23 illustrates the dependency of Sentinel-2 
performance on both parameters.  
The evidences from this study point towards the following assertion: there is a higher 
possibility that the Sentinel-2 NDVI time series could deviate from the Planet Scope 
NDVI time series above the acceptable threshold for the parcels where both of the 
following criteria are met: 
 the parcels contain less than 8 full pixels  
 the percentage of S2 pixels lost after application of 5m negative buffer is 
higher than 60% 
This threshold is illustrated in figure Figure 20, Figure 21, Figure 22 and Figure 
23 by red box. 
 
In the tested sample, the set of criteria above represents 25% of the parcels with an 
average area of 0.12 ha, while the remaining 75% of parcels have an average area of 
0.31 ha (see Table 11). 
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Table 10. Analysis of size of the parcels considering the criteria derived from the modelling and expert judgement assessment 
 
Table 11. Analysis of size of the parcels considering the criteria derived from the modelling and statistical assessment 
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It is important to note that in the case of grassland, it is expected that the time series 
derived from different data may differ more due to the actual land management; mown 
areas may have a marked pattern but grazed areas should not show any disruption over 
time. In the selected sample, the grassland parcels were all permanent grazed areas, 
therefore, using correlation coefficient to assess the similarity is not appropriate. Research 
for an alternative method will be performed in 2019. For the moment, the results on 
grassland are not included in the following extra analysis, as they, although similar, could 
give misleading conclusions. Therefore, in Table 10 and Table 11 the results are 
presented separately for arable crops (highlighted in orange) and for the overall result 
(highlighted in red) including also the permanent grasslands. 
For the 180 parcels representing the arable crops, the summary statistics for the automatic 
analysis of the correlation coefficient are presented in Table 12. 
Table 12. Summary statistics – percentage of deviations of the S2 NDVI comparing to the NDVI 
derived from Planet, observed for different groups of parcels 
 “Small parcels” (according 
to the criteria) 
Other parcels 
Composition in the 
remaining sample 
35 145 
Parcels for which the S2 
NDVI data deviate from the 
NDVI derived from Planet 
[%] 
26% 4% 
Total of parcels for which 
the S2 NDVI data deviate 
from the NDVI derived from 
Planet [%] 
9% from the whole sample of 180 parcels 
(considered arable crop only) 
The proportions of deviations for each group in Table 12 confirm the correctness of above 
set limit criteria. The group of “small parcels” (i.e. parcels with less than 8 pixels and more 
than 60% loss) is much more sensitive to our similarity assessment (26% deviate) than 
the rest (i.e. more than 8 pixels and less than 60% loss) where the deviation was observed 
just for 4% of parcels. 
Unfortunately, the set of small parcels (according to the criteria) was too limited to develop 
a similar model for estimation of limits of the HHR imagery. Since the criteria determined 
for Sentinel-2 are independent on the GSD of the sensor, the hypothesis of using the same 
rules could be applied for the satellites with similar geometric positional accuracy. 
However, in the selected sample only 1 parcel meets the criteria at the Planet scale (i.e. 
less than 8 full Planet pixels and more than 60% of pixel loss after application of 1.5m 
negative buffer, i.e 0.5*pixel size). Therefore, an analysis on the bigger sample of data 
would be needed to confirm or decline the assumption. 
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6 Discussion & Conclusions 
6.1 Summary of specific findings related to the sample: 
1. The Sentinel-2 NDVI signal deviates from the NDVI signal retrieved from Planet 
Scope imagery for not more than 12%, out of 205 small agriculture parcels. 
2. The Sentinel-2 NDVI signal deviates from the NDVI signal retrieved from Planet 
Scope imagery for not more than 9%, out of 180 small agriculture parcels with 
arable crop only (without permanent grassland). 
3. Based on visual assessment, all HHR NDVI time series that deviate from S2 ones 
bring an added value to the interpretation of markers. 
4. There is a strong probability that the Sentinel-2 NDVI time series could deviate from 
the Planet Scope NDVI time series above the acceptable threshold for parcels that: 
 contain less than 8 full pixels  
and at the same time 
 the percentage of S2 pixels lost after application of 5m negative buffer is 
higher than 60%. 
5. Unfortunately applying the same model at the Planet scale to understand the limits 
of this HHR sensor did not bring any results due to the lack of such small parcels in 
the sample. 
6.2 General conclusions and discussion 
The evidence from this study suggests that the size of the parcel expressed as an area in 
metric units is not an appropriate measure to define the ‘small parcel’ in the context of 
CAP checks by monitoring. Another two geospatial parcel parameters instead seem to 
manifest the correlation with the ability of the sensor to provide interpretable NDVI signal 
providing expected information. These parameters are: 1) number of full pixels remaining 
after application of a buffer, expressing both the size of the parcel and the position of the 
parcel regards to the raster; 2) the percentage of pixels lost after application of the same 
buffer, considering the shape and position of the parcels regards to the raster.  
The low accuracy of Sentinel-2 cloud cover mask provided as a part of the product 
influenced the size of the tested sample. Fully automated processing based on the cloud 
cover metadata attached to the product would bring unwanted noise into the analysed 
NDVI signal, which would have a negative impact on both the overall performance of 
Sentinel-2 signal and the accuracy of the final criteria resulting from the modelling phase. 
In order to ground our analysis on plausible NDVI time series we decided to perform assure 
high quality results by semi-automatic fine-tuning consisting in cleaning of the NDVI signal 
from pixels still effected by clouds and shadows. Although the study was performed on a 
limited sample of parcels, it demonstrated that the Sentinel-2 imagery can capture 
sufficient signal in most of the cases, and the need for HHR imagery as an alternative 
source of data should be limited.  
The limitation of the applied methodology consist in fact that the correlation coefficient 
used to assess the deviation between the pair of NDVI time series is a measure of the 
direction and strength of the linear relationship between two variables. Hence, its 
application is not suitable for crops for which phenology (or activity on the field) is 
represented by a flat NDVI profile (without characteristic points). In this study, the 
permanent grassland grazed by animals is one of such cases.  
In order to understand whether the same limiting criteria could be used also for the HHR 
sensor, we suggest to gather the representative sample of very small parcels (i.e less than 
8 pixel size in PlanetScope scale) and to perform the same methodology.  
Since the accurate cloud cover mask is fundamental for the automated cloud processing of 
big data and subsequent correct interpretation and evaluation of results, an intensive effort 
is required to improve the recognition of unwanted pixels on a reliable level. Once the 
metadata related to this issue provides reliable information, the tested sample could be 
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easily extended to thousands of parcels. In that case using the same methodology to 
determine the criteria of small parcels, either for Sentinel-2 or other HHR sensor, could be 
further refined on. Additionally, the influence of other parameters like landscape 
characteristics could be analysed. 
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ANNEX A 
Comparison between PlanestScope and Sentinel-2 data availability 
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GETTING IN TOUCH WITH THE EU 
In person 
All over the European Union there are hundreds of Europe Direct information centres. You can find the 
address of the centre nearest you at: https://europa.eu/european-union/contact_en 
On the phone or by email 
Europe Direct is a service that answers your questions about the European Union. You can contact this 
service: 
- by freephone: 00 800 6 7 8 9 10 11 (certain operators may charge for these calls), 
- at the following standard number: +32 22999696, or 
- by electronic mail via: https://europa.eu/european-union/contact_en 
FINDING INFORMATION ABOUT THE EU 
Online 
Information about the European Union in all the official languages of the EU is available on the Europa 
website at: https://europa.eu/european-union/index_en 
EU publications 
You can download or order free and priced EU publications from EU Bookshop at: 
https://publications.europa.eu/en/publications. Multiple copies of free publications may be obtained by 
contacting Europe Direct or your local information centre (see https://europa.eu/european-
union/contact_en). 
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